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Abstract
We present a generic mechanism of obtaining two, individually stable, dark matter particles
in minimal E6 unification. The dark matter particles, a fermion and a scalar, originate
from the E6 representations that give rise to the matter content of the visible sector.
There is a single Z2 symmetry, a remnant of the E6, that distinguishes the visible and
dark sectors. The simultaneous stability of the two different dark matter particles is a
result of hierarchical vacuum expectation values, generic to unified theories.
1 Introduction
With the basic building blocks of the Standard Model (SM), the particles and the interactions,
all in place, their properties underpinned by solid experimental data [1], it is time to look at
some of the pieces of the overarching puzzle that the SM fails to put in place, and also to
answer some of the intriguing questions that the SM gives rise to. The SM, in its canonical
form, fails to explain neutrino oscillation data [2] and at the same time does not account for
particle dark matter [3]. Although having charge-parity (CP) violating interactions [4], the
SM fails to account for the matter-antimatter asymmetry, as observed in the Universe today
[5]. Neither does the SM provide any satisfactory solution to the reason as to why the neutron
electric dipole moment is so small [6].
It is with the aim to solve some or all of the ‘shortcomings’ of the SM that varied frameworks of
new physics have been proposed over the years. With a utter lack of experimental discoveries
to point to a general direction of new physics, all such frameworks are at the same footing
as of now, with phenomenologically motivated models of low scale validity being worked
on throughout the particle physics community. While phenomenological models strive to
find out the minimum degrees of freedom required to solve the questions unanswered by the
SM, the UV completions of such models are generally required to fulfill certain theoretical
requirements. For example, it is expected that a theory should be ultraviolet safe [7, 8], that
it should be renormalisable [9], that all symmetries should be protected against quantum
gravity corrections [10, 11, 12].
Frameworks with a single gauge symmetry at the UV, unifying the three interactions of the SM
[13, 14], have been in vogue for decades now. These frameworks possess all the desired features
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of a high scale completion. Proposed in the context of gauge coupling unification, unified
gauge theories offer a satisfying explanation to the seemingly erratic hypercharge assignments
of the fermions in the SM. The fermion charges under the U(1) of hypercharge are extremely
special. As it turns out, the hypercharge assignment is, barring a trivial solution (q=`=ec=0,
u = −d), the only possible assignment of charges [15, 16] that would have cancelled the gauge
and gauge-gravity mixed anomalies [17, 18, 19]. Conversely, quantisation of charge along with
solution of the gauge anomalies automatically ensures solution to the gauge-gravity mixed
anomaly [20]. a much more epistemological explanation is that the fermions all originate from
a single irreducible representation (irrep) of some larger gauge group, the irrep being one
whose anomaly coefficient is zero.
There are fifteen fermions per generation of the SM. The smallest anomaly free representation
that can accommodate the 15 fermions is the 16 dimensional spinorial representation of SO(10)
[21], the extra fermion turning out to be the right handed neutrino needed for giving mass,
Majorana or otherwise, to the SM neutrinos. Being inherently left-right symmetric, SO(10)
models, naturally gives type-I and type-II seesaw masses for the neutrinos [22, 23, 24]. In
addition, non-supersymmetric versions of SO(10) predict a unification scale and coupling
[25, 26, 27, 28, 29, 30, 31] that is safe from the current exclusions set by measurements of
proton-decay lifetime. In recent times, SO(10) has also received a lot of attention in context
of dark matter model building. SO(10) being a rank-5 group has an extra generator which
can be spontaneously broken to a remnant Z2 that stabilises particles in different irreps of
SO(10) [32, 33, 34, 29].
Although SO(10) naturally gives a remnant symmetry to stabilise any potential DM candidate,
there is a lot of ambiguity with regards to the origin of the DM candidate. The spinorial
16 dimensional irrep is completely filled up by SM matter content. The fundamental 10
dimensional representation carries the higgs doublets that breaks SM snd gives masses to the
SM fermions. The rest of the multiplet populated by coloured Z2 even states, which cannot
be DM particles. Hence, in order to get the Dark Sector particle content, one has to look for
higher dimensional irreps and this takes away the remarkable predictability inherent to the
SO(10) embedding of the visible sector. The SO(10) spinorial failing to accommodate any
fermions in addition to the SM matter content, we look at the smallest simple group which
can.
The fundamental irrep of E6 is 27 dimensional. And it contains fermions redundant to the
necessities of the SM. Like SO(10), E6 also has extra diagonal generators which can give rise
to DM stabilising symmetries. When the fundamental of E6 is restricted to the SM gauge
symmetry, GSM = SU(3)C × SU(2)L × U(1)Y , the SM particles and the additional particles
transform differently under the remnant, DM stabilising, Z2. Hence, both the SM and DM
particles can originate from the same representation [35]. The electroweak symmetry breaking
(EWSB) scalars also reside in the E6 fundamental. Considering only the fermions and scalars
transforming as the E6 fundamental, we show that E6 predicts a two-component dark matter
scenario where one DM is a scalar and the other is a Weyl fermion. The lighter of the two is
absolutely stable and the heavier is stable at the timescale of the Universe (see, e.g., [36, 37]
for a review of decaying dark matter). The stability is not due to unnatural fine-tuning
of the couplings of the particles, rather, it is the result of the spectrum of vevs of the Z2
even scalars. Generally, in models of multi-particle DM the different DM candidates are
individually stabilised by imposing multiple different discrete symmetries [38]. The problem
with global symmetries, a single or multiple, is that all global symmetries are expected to be
broken by quantum gravity effects in the UV. For the E6 dark matter we discuss here, E6DM,
the two DM components are stabilised by the same Z2 in the IR. This Z2 is a remnant of the
E6 gauge symmetry at the UV. Therefore, the DM stabilising symmetry is protected against
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the effects of quantum gravity.
In this work, we do not attempt to present a new model of dark matter. On the contrary we
are interested in the general formalism that gives rise to the DM stabilising symmetry and the
qualitative features of the DM particles. In the next section we look at all the different ways
in which the SM hypercharge can be constructed out of the diagonal generators of E6, while
preserving the non-abelian part of GSM . Having identified the hypercharge, we discuss the
conditions under which the spontaneous breaking of the directions orthogonal to hypercharge
will keep a discrete subgroup intact. In section 3 we show how one obtains two distinct dark
matter candidates starting from E6. We show that the nature of the dark matter candidates,
both the scalar and the fermion, changes depending on whether they couple to the scalar
whose vev gives Majorana masses to the neutrinos. We show the limits in which the DM
candidates behave as established candidates of DM. In section 4, we show gauge coupling
unification (GCU) for a few symmetry breaking chains of E6. Finally, we summarise.
2 The E6 fundamental and a remnant Z2
The rank of E6, as indicated by the nomenclature, is six, two more than that of the SM, which
has a rank four gauge symmetry, GSM ≡ SU(3)C × SU(2)L × U(1)Y . The two extra diagonal
generators are, therefore, broken when scalars neutral under GSM but charged under the
corresponding U(1) symmetries acquire non-zero vevs. Three of the six diagonal generators of
E6 give the two diagonal generators of SU(3)C and the lone diagonal generator of SU(2)L. A
linear combination of the three remaining diagonal generators gives hypercharge. The two
directions orthogonal to hypercharge are then broken in-between the scale of GCU and the
EWSB scale. Let Y′ = (y1, y2, y3), be the U(1) charges in the basis where hypercharge is
yet to be identified. To get the SM we perform a rotation of the Y ′ basis to get the Y basis,
where one of the directions represent the U(1)Y . This rotation is defined by: YX
X ′
 =
OY 1 OY 2 OY 3OX1 OX2 OX3
OX′1 OX′2 OX′3
y1y2
y3
 , (1)
X and X ′ being the directions orthogonal to Y . The direction of Y being defined from the
requirements of EWSB, we can perform any orthogonal transformation in the X,X ′ plane
which will keep the essential physics the same.
The cyclic group of order N , ZN is a subgroup of U(1), ∀N , with Z1 being identified as
identity. If a particle transforms non-trivially under a U(1) symmetry, then the transformation
property of the particle after the breaking of the U(1) will depend on the U(1) charge of
the particle and that of the scalar the non-zero vev of which spontaneously breaks the U(1).
Let U(1) be broken at some scale by a scalar, φ, carrying a charge xφ under the U(1). Let,
some other particle, ψ, carry a charge xψ, under the U(1). Then, below the scale at which φ
acquires a vev, ψ will transform non-trivially under a remnant ZN , defined by [39, 40, 41]:
ψ → ψ′ = e2pii
xψ
xφ ψ, (2)
If the SM breaking scalar, h, is charged under this U(1), then it will also transform under
the remnant ZN . Now, h has the proper quantum numbers for breaking GSM to GSM ≡
SU(3)C × U(1)EM . It has no ab initio reason to preserve the ZN . In general, the vev of h
will break the ZN to some subgroup ZM , with M < N . If h is not charged under the U(1)
to begin with, or if it transforms trivially under the ZN , i.e., h → h′ = h, then it will not
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break the ZN down any further. In general, if h has a charge xh under the U(1), then after it
acquires a vev, the remnant symmetry acquired by ψ, as defined above, is:
ψ → ψ′ = e2pii
xψ
xh ψ. (3)
Therefore, even if a discrete symmetry is present at high scales, it is not obvious that the
electroweak breaking Higgs will preserve it. The remnant symmetry remaining today being
that left unbroken by the Higgs vev. Therefore, assuming there was some unbroken discrete
subgroup of the broken U(1), then, if we know the charges of the particles at the EW scale,
then irrespective of any information about the scalar that at some scale breaks the U(1),
we can get the effective ZN transformation of all the particles in the spectrum. In general,
if, after the high scale breaking of the U(1), hu transforms as ZM and some other particle
transforms as ZN (N > 1), then that particle will continue to transform under some remnant
ZK(K ≤ N) iff M > N or M = 1.
The SM fermions reside in the fundamental, 27-dim, irrep of E6. One needs three copies of
the 27 to fit the three generations of fermions. A single generation of the SM has 15 Weyl
fermions. Accounting for one RH neutrino per generation, there are still only 16 fermions
per generation. The E6 fundamental therefore has 11 fermions which are necessarily beyond
the requirements of the standard model. Therefore, if any one of the two additional U(1)s,
U(1)X and U(1)X′ is broken in a way so as to preserve a ZN , under which the SM and BSM
fermions transform differently then the BSM fermions can populate a separate dark sector.
The EWSB Higgs doublets that give Dirac masses to the fermions also reside in the 27
dimensional representation. To see why we refer to the SM breaking Higgs doublets in plural
note that the fundamental representation of E6, unlike that of SU(2) or even SO(10) for
that matter, is not pseudoreal. The fundamental is a complex representation and 27 and 27
transforms differently. The only E6 invariant involving three 27 dimensional representations
is 27× 27× 27, and not 27× 27× 27. Therefore, the doublet that gives masses to up-type
quarks cannot give masses to the down-type quarks and we need to separate doublets hu and
hd for the up- and down-type quarks respectively. The 27 contains both these doublets.
The E6 fundamental representation on restriction to GSM is given by:
27→ (3, 2, 1/6) + (3, 1,−2/3) + (1, 1, 1) + (1, 2,+1/2) + (3, 1,−1/3)
+ 2× (3, 1, 1/3) + 2× (1, 2,−1/2) + 2× (1, 1, 0). (4)
When the fundamental is populated by Weyl fermions, we can immediately identify the q,
uc, and ec. We can also identify the (3, 1,−1/3) as a BSM particle. There is some ambiguity
regarding the down quark dc, the lepton doublet `, and the singlet neutrino νc, with two
possible multiplets for all of them. On the other hand, when the 27 contains complex scalars,
we can unambiguously identify the doublet that couples to the up-type quark, hu. There is a
two-fold degeneracy regarding the identity of hd. In eq. (4), we have suppressed the (X,X
′)
charges as those depend on the symmetry breaking route.
Figure 1 schematically depicts the different symmetry breaking routes of E6 down to the
standard model. There are three major routes of descent, one through SO(10)× U(1), one
through SU(6)×SU(2), and another through SU(3)×SU(3)×SU(3). These are the maximal
subgroups of E6 and these further break down to the SM through intermediate symmetries,
like, SU(5), SU(4)×SU(2)×SU(2), SU(3)×SU(2)×SU(2) etc. In fig. 1, for clarity, we have
suppressed the broken generators manifesting as U(1) symmetries. For each stage, the counting
of the U(1)s should be straightforward from the corresponding rank. For each of the symmetry
breaking routes, up to three different linear combinations of the three U(1) symmetries are
possible for the hypercharge. In table 1 we explicitly write down the decomposition of the E6
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Figure 1: Symmetry breaking routes of E6. For we show only the non-abelian parts and drop the U(1)s.
However, we indirectly indicate the number of broken generators by giving the ranks at each stage.
We use a compact notation for the direct product of the SU(N) symmetries, with MN representing
SU(M)× SU(N), and so on. For example, the 333 denotes SU(3)× SU(3)× SU(3).
fundamental under SU(3)×SU(2)× (U(1)y1×U(1)y2×U(1)y3) for all the possible symmetry
breaking routes. In the same table, we also write down all the possible linear combinations of
the yi which reproduces the SM hypercharge. It is interesting to note that except for the case
where E6 breaks to SU(5) through SO(10), all other routes possess some form of left-right
symmetry which results in two of the three possible combinations to be mirrors of each other.
Let us work with a concrete example. The block denoted (1) in table 1 shows the decomposition
of the E6 fundamental for the SU(3)× SU(3)× SU(3) route. For this case, one of the three
SU(3) symmetries can be immediately identified with the SU(3)C of the standard model.
From the two other SU(3) symmetries, one, SU(3)L, is broken to SU(2)L of the SM. A linear
combination of the corresponding broken generator, U(1)L, and both the broken diagonals of
the third SU(3) (SU(3)N ), gives U(1)Y . From the table, one possible combination is:
Y =
1
6
TL8 +
1
6
TN8 +±TN3 , (5a)
Ti being the generators of SU(3). The two orthogonal combinations, defining the X and X
′
charges, are given by:
X = TL8 − TN8 , (5b)
X ′ = TL8 + T
N
8 ±
1
3
TN3 . (5c)
For this definition, the restriction of the 27 to GSM × U(1)X × U(1)X′ is:
27 ⊃
(
3, 2,
1
6
)
(1, 1) +
(
3, 1,−2
3
)(
1,−5
6
)
+ (1, 1, 1)
(
1,
17
6
)
+
(
3, 1,−1
3
)
(−2,−2) +
(
3, 1,
1
3
)(
1,−7
6
)
+
(
3, 1,
1
3
)
(−2, 2)
+
(
1, 2∗,±1
2
)(
−2,∓1
6
)
+
(
1, 2∗,−1
2
)
(1,−3)
+ (1, 1, 0)(4, 0) + (1, 1, 0)
(
1,
19
6
)
. (6)
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Num Symmetry Decomposition of 27 of E6
(1) 3C3W 3N (3,3,1)+(3, 1, 3)+(1,3,3)
3C2W 3N (1W ) [(3,2,1)(1)+(3,1,1)(-2)] +[(3, 1, 3)(0)] + [(1,2
∗,3)(-1) + (1,1,3)(2)]
3C2W 2N (1W 1N ) [(3,2,1)(1,0)+(3,1,1)(-2,0)] +[{(3,1,2∗)(0,-1)+(3,1,1)(0,2)}]
+[{(1,2∗,2)(-1,1)+(1,2∗,1)(-1,-2)}+{(1,1,2)(2,1) +(1,1,1)(2,-2)}
3C2W (1W 1N1R) [(3,2)(1,0,0)+(3,1)(-2,0,0)] +[{(3,1)(0,-1,±1/2) + (3,1)(0,2,0)]
+ [{(1,2∗)(-1,1,± 1/2)+(1,2∗)(-1,-2,0)} +{(1,1)(2,1,± 1/2)]+(1,1)(2,-2,0)}
(CW , CN , CR): (1/6, 1/6,±1), (1/6,−1/3, 0)
(2) SO(10)16 16(1)+10(-2)+1(4)
5(16110) 5(1,3)+10(1,-1)+1(1,-5) +5(-2,2)+5(-2,-2)+1(4,0)
32(1611015) (1,2
∗)(1,3,-3) + (3,1)(1,3,2) + (3,2)(1,-1,1) + (3,1)(1,-1,-4) + (1,1)(1,-1,6)
+(1,1)(1,-5,0)+(1,2)(-2,2,3) + (3,1)(-2,2,-2) +(1,2∗)(-2,-2,-3) + (3,1)(-2,-2,2)
+(1,1)(4,0,0)
(C6, C10, C5): (0, 0, 1/6), (0,−1/5,−1/30), (1/4, 1/20,−1/30)
(3) 422(16) (4,2,1)(1)+(4,1,2)(1) +(1,2,2)(-2)+(6,1,1)(-2)+(1,1,1)(4)
322(161B−L) (3,2,1)(1,1/3) + (1,2,1)(1,-1) + (3,1,2)(1,-l/3) +(1,1,2)(1,1)
+(1,2,2)(-2,0)+(3,1,1)(-2,2/3)+(3,1,1)(-2,-2/3) +(1,1,1)(4,0)
32(161B−L1R) (3,1)(1,1/3,±1/2) +(1,1)(1,-1,±1/2)+(3,2)(1,−1/3,0) +(1,2)(1,1,0)
+(1,2)(-2,0,±1/2)+(3,1)(-2,2/3,0)+(3,1)(-2,-2/3,0) +(1,1)(4,0,0)
(C6, CBL, CR): (0,−1/2,±1), (1/4, 1/4, 0)
(4) 62 (6, 2) + (15, 1)
52(1χ) [(1, 2)(5) + (5, 2)(−1)] + [(5, 1)(−4) + (10, 1)(2)]
3252(1χ1ξ) [(1, 1, 2)(5, 0) + (1, 2
∗, 2)(−1,−3) + (3, 1, 2)(−1, 2)] + [{(1, 2, 1)(−4, 3)
+(3, 1, 1)(−4,−2)}+ {(1, 1, 1)(2, 6) + (3, 2, 1)(2, 1) + (3, 1, 1)(2,−4)}]
325(1χ1ξ1ζ) [(1, 1)(5, 0,± 12 ) + {(1, 2∗)(−1,−3,± 12 ) + (3, 1)(−1, 2,± 12 )}] + [{(1, 2)(−4, 3, 0)
+(3, 1)(−4,−2, 0)}+ {(1, 1)(2, 6, 0) + (3, 2)(2, 1, 0) + (3, 1)(2,−4, 0)}]
(Cχ, Cξ, Cζ): (1/10,−1/30,±1), (0, 1/6, 0)
(5) 32(1χ1ξ1λ) [(1, 2)(5, 0, 0) + {(1, 2)(−1,−3,∓ 12 ) + (3, 2)(−1, 2, 0)}] + [{(1, 1)(−4, 3± 12 )
+(3, 1)(−4,−2, 0)}+ {(1, 1)(2, 6, 0) + (3, 1)(2, 1,± 12 ) + (3, 1)(2,−4, 0)}]
(Cχ, Cξ, Cλ): (−1/10, 1/30,±1), (1/10, 2/15, 0)
(6) 62 (6, 2) + (15, 1)
2(1χ) [(1, 2)(5) + (5, 2)(−1)] + [(5, 1)(−4) + (10, 1)(2)]
42(151χ) [(1, 2)(0, 5) + (4, 2)(1,−1) + (1, 2)(−4,−1)] + [(1, 1)(4,−4) + (4, 1)(−1,−4)]
+[(4, 1)(3, 2) + (6, 1), (−2, 2)]
32(14151χ) [(1, 2)(0, 0, 5) + (3, 2)(1/3, 1,−1) + (1, 2)(−1, 1,−1) + (1, 2)(0,−4,−1)]
+(1, 1)(1,−1,−4) + (3, 1)(−1/3,−1− 4)] + [(3, 1)(−1/3, 3, 2) + (1, 1)(1, 3, 2)
+(3, 1)(2/3,−2, 2) + (3, 1)(−2/3,−2, 2)] + [(1, 1)(0, 4,−4)
(C4, C5, Cχ) (1/2,±1/10,±1/10), (−1/4, 3/20,−1/10)
(7) 62 (6, 2) + (15, 1)
422(1) [(1, 2∗, 2)(−2) + (4, 1, 2)(1)] + [(1, 1, 1)(4) + (6, 1, 1)(−2) + (4, 2, 1)(1)]
(8) 62 (6, 2) + (15, 1)
332(1) [(3, 1, 2)(−1) + (1, 3, 2)(1)] + [(3, 3, 1)(0) + (3, 1, 1)(2) + (1, 3, 1)(−2)]
Table 1: Decomposition of the E6 fundamental representation. We have appropriately used
parentheses, braces, and brackets to facilitate the reading of the appropriate decompositions.
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Let, after the U(1)X is broken at some high scale by a scalar of charge X = 4. From the
discussion above, and specifically from eq. (2)we see that q ≡ (3, 2, 1/6) then has a remnant
Z4 symmetry, and hu ≡ (1, 1, 1/2) transforms under a remnant Z2. Then the vev of hu breaks
the Z4 symmetry of q down to a Z2. On the other hand, if a scalar of charge X
′ = 4 breaks
U(1)X′ , then q has a remnant Z4 while, hu has a remnant Z24 = Z3×Z8. Then, when hu gets
a vev, the discrete symmetry of q is broken to identity. Therefore, representing the elements
of the Z2 as 1 and −1, we can represent the particles of the 27 as:
27 ⊃ (3, 2, 1
6
)(−1, 1) +
(
3, 1,−2
3
)
(−1, 1) + (1, 1, 1)(−1, 1) + (3, 1,−1
3
)(1, 1)
+ (3, 1,
1
3
)(−1, 1) + (3, 1, 1
3
)(1, 1) + (1, 2∗,±1
2
)(1, 1) +
(
1, 2∗,−1
2
)
(−1, 1)
+ (1, 1, 0)(1, 1) + (1, 1, 0)(−1, 1) (7)
where we use −1 and 1 as the elements of a Z2. Now, if the doublet which is odd under the
Z2 gets a vev in order to play the role of hd then the remnant Z2 is broken. However, there
is also a doublet with −1/2 hypercharge and even under the Z2 which can be hd without
breaking the Z2.
The other possible definition of hypercharge in the trinification route is given by:
Y =
1
6
y8 − 1
3
y′8. (8a)
The two orthogonal combinations are:
X = y′3, (8b)
X ′ = y8 +
1
2
y′8. (8c)
In this case hypercharge is given by the linear combination of the T8s from the two SU(3)
symmetries, while the third broken generator is a ‘spectator’. We perform the same exercise
as above, restricting the 27 to GSM × U(1)X × U(1)X′ to get:
27→
(
3, 2,
1
6
)
(0, 1) +
(
3, 1,−2
3
)
(0, 1) +
(
3, 1,−1
3
)
(0,−2) + (1, 1, 1)(0, 1)
+
(
3, 1,
1
3
)
(±1
2
,−1
2
) +
(
1, 2∗,−1
2
)(
±1
2
,−1
2
)
+
(
1, 2∗,
1
2
)
(0,−2)
+ (1, 1, 0)
(
±1
2
,
5
2
)
. (9)
For this charge distribution, we can immediately see that although hu preserves a Z2 subgroup
of the U(1)X′ , hd breaks it down to identity. The same exercise can be performed for all the
different symmetry breaking routes and all different definitions of hypercharge, table 1.
Following table 1, where the different yi and the possible linear combinations for the different
symmetry breaking chains are given, in table 2 we write down the charges in the Y = (Y,X,X ′)
basis. We do not show the linear combinations corresponding to X,X ′ as they can be easily
worked out. The key takeaways from tables 1 and 2 are:
1. A remnant discrete symmetry after EWSB is possible for all three major routes of
symmetry breaking, i.e., E6 → SU(6)SU(2), E6 → SU(3) × SU(3) × SU(3), and
E6 → SO(10)× U(1).
2. The remnant symmetry is always a Z2.
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3. When there is a remnant discrete symmetry, the particle spectrum transforms identically
under said symmetry for all the symmetry breaking routes. The transformation of the
particles under the Z2 is given in eq. (10).
The transformation of the particle spectrum under GSM × Z2:
27→ (3, 2, 1/6)− + (3¯, 1, 1/3)− + (1, 2,−1/2)− + (1, 1, 1)− + (1, 1, 0)−
+ (1, 2,−1/2)+ + (1, 2, 1/2)+ + (1, 1, 0)+
+ (3¯, 1,−2/3)− + (3, 1,−1/3)+ + (3¯, 1, 1/3)+
(10)
The +/− in the superscripts denote whether the multiplets are odd or even under the remnant
Z2. We reiterate that the transformation given above holds true for all the symmetry breaking
routes of E6 that allow a remnant Z2.
For the 27 of fermions, the SM particle (and a RH neutrino) are odd under the Z2 symmetry
while the exotic fermions are all even. For the 27 of scalars, hu and hd with the other scalars
being both odd and even. The scalars which are odd under the Z2 will populate a dark sector
while the even ones will be part of the visible sector. For the fermions, all the even particles
will be part of the dark sector. Odd particles populating the visible sector and even particles
the dark sector might instinctively seem non-intuitive, however, keeping in mind that all
interactions must preserve spin, it is easy to see that the Z2 even fermions can never decay
to two visible sector particles. The decay of a Z2 even fermion to a Z2 odd fermion must
be accompanied by a Z2 odd boson, which is a member of the dark sector. The decay of a
dark sector, Z2 odd, scalar to a visible sector fermion will also involve a dark sector, Z2 even,
fermion. Therefore, in all interactions, the dark sector particles will still take part in pairs.
To keep track of all the scalars and fermions, as given by E6, we categorise them into groups.
To do so we ‘borrow’ nomenclature from supersymmetry, given that for each fermion there is
a corresponding scalar with same quantum numbers 1. The first group of particles contain
the SM fermions, an RH neutrino, and all colourless scalars of the visible sector, SM+. The
second set of multiplets are the ‘sleptons’ and the ‘higgsinos’, which populate the dark sector.
We call these, DM+. The next group contains the scalar leptoquarks which we denote LQ.
We then have the heavy down-type quarks, HQ and finally, the ‘squarks’ (SQ):
SM+ : q = (3, 2, 1/6)−F ; d
c = (3, 1, 1/3)−F ; u
c = (3, 1,−2/3)F , (11a)
` = (1, 2,−1/2)−F ; ec = (1, 1, 1)−F ; νc = (1, 1, 0)−F , (11b)
hd = (1, 2,−1/2)+S ; hu = (1, 2, 1/2)+S ; s4 = (1, 1, 0)+S . (11c)
DM+ : h˜d = (1, 2,−1/2)+F ; h˜u = (1, 2, 1/2)+F ; s˜4 = (1, 1, 0)+F , (11d)˜`= (1, 2,−1/2)−S ; e˜c = (1, 1, 1)−S ; ν˜c = (1, 1, 0)−S , (11e)
LQ : T = (3, 1,−1/3)+S ; T c = (3, 1, 1/3)+S , (11f)
HQ : D = (3, 1,−1/3)+F ; Dc = (3, 1, 1/3)+F . (11g)
SQ : q˜ = (3, 2, 1/6)−S ; d˜ = (3, 1, 1/3)
−
S ; u˜ = (3, 1,−2/3)−S . (11h)
The F and S indicate fermions and scalars.
Having established the Z2 symmetry remnant after breaking of the extra ranks of E6 and
having derived the transformations of the particles under this Z2, we look at the interactions,
1Of course, there are three generations of fermions and only one generation of scalars.
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(1/6, 1/6,±1) (3, 2, 16 )(1, 1) + (3, 1,− 23 )(1,− 56 ) + (1, 1, 1)(1, 17/6) + (3, 1,− 13 )(−2,−2)
+(3, 1, 13 )(1,− 76 ) + (3, 1, 13 )(−2, 2) + (1, 2∗,± 12 )(−2,∓ 16 ) +
(
1, 2∗,− 12
)
(1,−3)
+ (1, 1, 0)(4, 0) + (1, 1, 0)
(
1, 196
)
(1/6,-1/3,0)
(
3, 2, 16
)
(0, 1) +
(
3, 1,− 23
)
(0, 1) +
(
3, 1,− 13
)
(0,−2) + (1, 1, 1)(0, 1)
+
(
3, 1, 13
)
(± 12 ,− 12 ) +
(
1, 2∗,− 12
) (± 12 ,− 12)+ (1, 2∗, 12) (0,−2) + (1, 1, 0) (± 12 , 52)
SO(10)→ 422
(0,−1/2,±1) (3, 2, 16 )(1,− 13 ) + (3, 1, 13 )(1, 712 ) + (3, 1,− 23 )(1, 112 ) + (3, 1, 13 )(−2,− 23 ) + (3, 1,− 13 )(−2, 23 )
+ (1, 2,− 12 )(1, 1) + (1, 2,± 12 )(−2,± 14 ) + (1, 1, 1)(1,− 34 ) + (1, 1, 0)(1,− 54 ) + (1, 1, 0)(4, 0)
(1/4, 1/4, 0) (3, 2, 16 )(0,
4
3 ) + (3, 1,− 23 )(0,− 43 ) + (3, 1, 13 )(± 12 , 23 ) + (3, 1,− 13 )(0,− 83 )
(1, 2, 12 )(0, 0) + (1, 2,− 12 )(± 12 ,−2) + (1, 1, 1)(0, 4) + (1, 1, 0)(± 12 , 2)
SO(10)→ SU(5)
(0, 0, 1/6) (3, 2, 1/6)(1,−1) + (3, 1,−2/3)(1,−1) + (1, 1, 1)(1,−1) + (3, 1,−1/3)(−2, 2)
+ (1, 2,−1/2)(1, 3) + (1, 2,±1/2)(−2,±2) + (3, 1, 1/3)(1, 3) + (3, 1, 1/3)(−2,−2)
+ (1, 1, 0)(1,−5) + (1, 1, 0)(4, 0)
(0,−1/5,−1/30) (3, 2, 16 )(1, 7) + (3, 1,− 23 )(2, 3) + (1, 1, 1)(0, 11) + (3, 1,− 13 )(−2,−14) + (1, 2, 12 )(−3,−10)
+ (1, 2,− 12 )(3,−14) + (1, 2,− 12 )(−3,−10) + (3, 1, 13 )(−4, 7) + (3, 1, 13 )(2,−10)
+ (1, 1, 0)(6, 7) + (1, 1, 0)(0, 24)
(0,−23/5, 3/5) (3, 2, 16 )(8, 315 ) + (3, 1,− 23 )(12, 425 ) + (1, 1, 1)(4, 4) + (3, 1,− 13 )(−16,− 625 )
+ (1, 2, 12 )(−20,− 735 ) + (1, 2,− 12 )(14,− 475 ) + (1, 2,− 12 )(−18, 275 )
+(3, 1, 13 )(−22, 165 ) + (3, 1, 13 )(10,− 585 ) + (1, 1, 0)(6, 24) + (1, 1, 0)(38, 465 )
62→ 325(1χ1ξ1ζ)
(0, 1/6, 0) (3, 2, 16 )(2, 0) + (3, 1,−2/3)(2, 0) + (1, 1, 1)(2, 0) + (3, 1,−1/3)(−4, 0)
+ (1, 2, 1/2)(−4, 0) + (1, 2,−1/2)(−1,± 12 ) + (3, 1, 1/3)(−1,± 12 )
+ (1, 1, 0)(5,± 12 )
(1/10,−1/30,±1) (3, 2, 16 )(5, 53 ) + (3, 1,−2/3)(5,− 2918 ) + (1, 1, 1)(5, 8918 ) + (3, 1,−1/3)(−10,− 103 )
+(1, 2,−1/2)(5,−5) + (1, 2,−1/2)(−10, 118 ) + (3, 1, 1/3)(−10, 103 )
+(1, 2, 1/2)(−10,− 118 ) + (3, 1, 1/3)(5,− 3118 ) + (1, 1, 0)(5, 9118 ) + (1, 1, 0)(20, 0)
(−1/10, 1/30± 1) (3, 2, 16 )(5, 53 ) + (3, 1,−2/3)(5,− 2918 ) + (1, 1, 1)(5, 8918 ) + (3, 1,−1/3)(−10,− 103 )
+(1, 2,−1/2)(5,−5) + (1, 2,−1/2)(−10, 118 ) + (3, 1, 1/3)(−10, 103 )
+(1, 2, 1/2)(−10,− 118 ) + (3, 1, 1/3)(5,− 3118 ) + (1, 1, 0)(5, 9118 ) + (1, 1, 0)(20, 0)
(1/10, 2/15, 0) [(1, 2)(5, 0, 0) + {(1, 2)(−1,−3,∓ 12 ) + (3, 2)(−1, 2, 0)}] + [{(1, 1)(−4, 3± 12 )
+(3, 1)(−4,−2, 0)}+ {(1, 1)(2, 6, 0) + (3, 1)(2, 1,± 12 ) + (3, 1)(2,−4, 0)}]
32(14151χ)
(1/2,±1/10,±1/10) [(1, 2)(0, 0, 5) + (3, 2)(1/3, 1,−1) + (1, 2)(−1, 1,−1) + (1, 2)(0,−4,−1)] + [(1, 1)(0, 4,−4)
+(1, 1)(1,−1,−4) + (3, 1)(−1/3,−1− 4)] + [(3, 1)(−1/3, 3, 2) + (1, 1)(1, 3, 2)
+(3, 1)(2/3,−2, 2) + (3, 1)(−2/3,−2, 2)]
(−1/4, 3/20,−1/10) [(1, 2)(0, 0, 5) + (3, 2)(1/3, 1,−1) + (1, 2)(−1, 1,−1) + (1, 2)(0,−4,−1)] + [(1, 1)(0, 4,−4)
+(1, 1)(1,−1,−4) + (3, 1)(−1/3,−1− 4)] + [(3, 1)(−1/3, 3, 2) + (1, 1)(1, 3, 2)
+(3, 1)(2/3,−2, 2) + (3, 1)(−2/3,−2, 2)]
Table 2: The U(1) charges in the hypercharge (Y) basis. We present the rotation giving the
hypercharge for each case.
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mass hierarchies, and mixing angles of these particles in the next section, where we find that
under quite general circumstances, the dark sector can accommodate two different dark matter
particles simultaneously, one stable and one meta-stable.
3 E6DM, qualitatively
In the last section, we categorised the three generations of fermions in and a single copy of
scalars in as many E6 fundamental into visible and dark sector particles under a Z2, remnant
after the gauge symmetry breaking. We now look at the mass hierarchies and interactions of
the particles given in eq. (11). With
ΨI ≡ 27F , (I = 1(1)3); Φ ≡ 27S , (12)
I being a generational index, the E6 symmetric lagrangian is:
L ⊃ ΨI†i /DΨI +m227ΦΦ + λ27(ΦΦ)2 + (Y IJ27 ΨIΦΨJ + µ27Φ3 + h. c.). (13)
We will drop the generational index in the following discussion. In terms of the SM submulti-
plets, the Yukawa part of the lagrangian is:
LY27 = LM27 + L /M27 , (14a)
where,
LM27 = LMSM + LMDM + LMHQ, (14b)
L /M27 = LYSMSM + LYDMDM + LYEQEQ + LYSMEQ, (14c)
with,
LMSM =ynνcνcs4 + yuqhuuc + ydqhddc + y``hdec + yν`huνc + h. c., (14d)
LMDM =m1s˜4s˜4 +m2h˜uh˜d + yxs4h˜uh˜d + y1s˜4h˜uhd + y2s˜4h˜dhu + h. c., (14e)
LMHQ =mDDDc + ycs4DDc + h. c., (14f)
and,
LYLQ = ŷ1qT c`+ ŷ2ucTec + ŷ3dcTνc + ŷ4qTq + ŷ5ucT cdc, (14g)
LYSMDM = y′1`h˜uν˜c + y′2`h˜de˜c + y′3νcν˜cs˜4 + y4ec ˜`˜hd + y5νc ˜`˜hu
+ y˜1qd˜h˜d + y˜2qu˜h˜u + y˜3d
cq˜h˜d + y˜4u
cq˜h˜u, (14h)
LYSMEQ = Y5Ddcν˜c + Y6Duce˜c + Y7q˜`Dc
+ Y˜5`q˜D
c + Y˜6e
cu˜D + Y˜7ν
cd˜D + Y˜8qq˜D + Y˜9d
cu˜Dc + Y˜0u
cd˜Dc, (14i)
LYDMEQ = Ŷ6s˜4DT c + Ŷ7s˜4DcT. (14j)
The ‘cancelled’ operators are the ones that are allowed by the SM×Z2 symmetry at the IR
but not the unifying symmetry at the UV. The quadratics can be generated at a high scale
with the corresponding coefficients being proportional to the symmetry breaking vev. We
deal with such terms in context of neutrino seesaw in the next section. For the time being we
are interested in the fundamental only. LMSM ,LMDM , and LMHQ include the EW breaking terms
which give masses to the fermions. The Z2 even SM singlet and the doublets get vevs and we
write them in terms of the components as:
hu =
(
h+u ,
vu + h
0
u + ia
0
u√
2
)
; hd =
(
vd + h
0
d + ia
0
d√
2
, h−d
)
; s4 =
v4 + h
0
4 + ia
0
4√
2
. (15)
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LYLQ contains interactions among visible sector particles and the two leptoquarks. Models
where the T and T c leptoquarks couple in a generation non-universal way to the SM fermions
have recently garnered a lot of attention in context of the RD(∗) and RK(∗) anomalies [42].
However, these leptoquarks in general mediates proton decay [43, 44], with the bound being
& 1012 GeV. The leptoquarks or the squarks do not play any obvious role in the following
discussions and we keep them superheavy.
The Higgsino mass matrix, as obtained from LMDM in the basis (s˜4, h˜0u, h˜0d), is:
M
h˜0
=
 0 y1vd y2vuy1vd 0 yxv4
y2vu yxv4 0
 (16a)
This mass eigenstates in general will be three different Weyl fermions. However, we are
interested in a particular case where v4, the vev of s4, is at the GUT scale, breaking E6.
Now, given that the vd/u are at the electroweak scale, there would be hierarchical separation
between the eigenvalues of the matrix. Given this separation, the diagonalising matrix, Rχ,
defined by (s˜4, h˜
0
u, h˜
0
d)
T = Rχ(χ0, χ1, χ2)
T , can be written as:
Rχ =
1√
2
 0 √2 cos θχ −√2 sin θχ1 sin θχ cos θχ
−1 sin θχ cos θχ
 . (16b)
Defining the mass matrix in the diagonal basis as Mχ = diag(M1,M2,M3), we get the following
relations:
M1 = −yxv4 ≡ −M (16c)
tan 2θχ = −2
√
2
µ
yxv4
' −2
√
2
vu
v4
, (16d)
M2 = −Msec2θχ sin2 θχ ' 0 (16e)
M3 = Msec2θχ cos
2 θχ 'M. (16f)
Note, y1, y2 and yx are all low energy manifestations of Y27, as given in eq. (12) and hence are
similar in magnitude. We have defined , y1vd ' y2vu ∼ µ. The −ve sign can be absorbed as
a phase by redefining the fermion fields. We see that the mixing between the doublets and
the singlet is GUT suppressed, with sin θχ ∼ vEW /vGUT ' 10−15. Therefore, we have two
superheavy semi-degenerate Weyl fermions χ0 and χ2 and a third almost massless fermion χ1.
In terms of the mass eigenstates, the flavour eigenstates are given as:
s˜4 = cos θχχ1 − sin θχχ2 (17a)
h˜d,u = ± 1√
2
χ0 +
1√
2
sin θχχ1 +
1√
2
cos θχχ2. (17b)
The lightest of the χi, χ1, is almost entirely composed of s˜4, while χ0 and χ2 have equal
contributions from h˜0u and h˜
0
d. We see from eq. (14) that all interactions of s˜4 involve the h˜u,d
and hence are all sin θχ suppressed. For simplicity we have ignored intergenerational mixing
of the χ1 particles.
The sneutrinos which get mass from the Higgs vev and possibly also from high scale symmetry
breaking vevs will almost always be hierarchically heavier than the χ1 and hence could decay
to χ1 and a neutrino. The mass eigenstates of the sneutrinos, ξ, ξ
′, and those of the selectrons,
ξ+, ξ
′
+, are given as:( ˜`0
ν˜c
∗
)
= R(φ0ξ)
(
ξ
ξ′
)
;
(˜`+
e˜c
)
= R(φ+ξ )
(
ξ+
ξ′+
)
, with, R(θ) =
(
cos θ sin θ
− sin θ cos θ
)
. (18)
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The lightest of the sneutrinos, ξ which is also a DM candidate, can decay to χ1 and a
neutrino through the Yukawa interaction `h˜uν
c. This decay, as mentioned above, will be sin θχ
suppressed. Also, as we discuss in the next section, νc will typically be at the neutrino seesaw
scale ∼ 1011 GeV. The decay of the slepton to χ1 and ν will then be further suppressed by
ν-νc mixing, which itself is negligible, sin θLR ∼
√
mν/mνc [45].
The strength of the interaction, causing the decay, is y5 sin θχ sin θLR. The Yukawa coupling
is of the same strength as that of the lepton Yukawas, as they originate from the same UV
coupling, Y351. Now, taking the Yukawa of the lightest χ1 to be of the order of the electron
Yukawa, 10−5, the decay width is ∼ 10−42 GeV. This translates to a lifetime of τ ∼ 1018 s.
In other words, the heavier DM although not absolutely stable, is stable on the timescale of
the age of the Universe, ∼ 1017 s. Now, let the mass of the RH neutrino be at the low scale
of a TeV. Then the mixing angle is sin θLR ∼ 10−6. The decay width then comes out to be
∼ 10−54 GeV, giving a lifetime of τ ∼ 1030 s, much higher than the age of the Universe. Note
that the neutral slepton can also decay to χ1 through the y4e
c ˜`˜cd term. The decay through
this channel, although suppressed by sin θχ and the same Yukawa, is not sin θLR suppressed.
However, this is a W+ and `+ mediated 4 body decay to ff¯ecχ, where f can be any light SM
fermion. This decay then has a 1/(16pi2)2 suppression due to the four body topology and
further propagator suppression due to the masses of the W boson and the charged slepton.
These contributions together will give a suppression larger than sin θLR ∼ 10−6. Although,
for the value of sin θLR we have used the extremely conservative case of a TeV scale seesaw.
In general, the RH neutrino will in natural seesaw scale of ∼ 1011 GeV. For such a scenario,
the four-body decay channel will be the dominant channel giving a lifetime ∼ 1034 s.
Therefore, we see that starting with only the E6 gauge symmetry and particles in the
fundamental representation of E6, which are in any case required to populate the standard
model, we get a dark matter stabilising Z2 symmetry and two simultaneous dark matter
candidates, one fermion and one scalar. Decaying dark matter has been studied in the context
of multiple astrophysical and cosmological observations. For example, in the context of
relieving the Hubble tension [46], The bounds on the lifetime of the decaying particle, from
different observations, like the isotropic gamma ray background [47, 48, 49], from the cosmic
microwave background [50] are in the ballpark of 1028 s, which is lower than the lifetimes
discussed in the preceding paragraph.
The dark matter particle χ then has no renormalisable coupling with the SM. The operators
which are proportional to cos θχ are the GUT scale suppressed dim-5 operators obtained by
integrating out h˜u,d at MU , Oχ ∼ Y27 cos θχχ1χ1huhd/MU and are GUT scale. If we stick
to this minimal setup then χ is almost massless. Such light fermionic dark matter particles,
with mass in the eV range, stabilised under a Z2 and with almost no couplings with the SM
have been recently studied in [51] where it has been shown that such a dark matter particle
is consistent with the bulk galactic properties like effective radius and baryon profile. Note
that such particles might find it difficult to saturate the relic density of the Universe as they
will almost certainly not be produced in the early thermal bath. However, even if χ1 fails
to saturate the relic density, ξ can do so through its interactions with the Higgs boson and
the gauge bosons. However, in the next section we show that the Yukawa couplings with the
scalar giving seesaw masses to the neutrinos can give masses to χ in which case it acts like a
more conventional singlet Weyl spinor.
The interactions of the sleptons, originating from the |Φ|2, Φ3, and |Φ|4 terms in eq. (12) are
given by:
LDM = µ2I |˜`|2 + µ2ν |ν˜|2 + µ2` |˜`|2 + λ`|˜`|4 + λν |ν˜|4 + λe|e˜|4
+ λ`ν ˜`† ˜`˜ν∗ν˜ + λ`e ˜`† ˜`˜e∗e˜+ λeν e˜∗e˜ ν˜∗ν˜
12
+ (λIu|Hu|2 + λId|Hd|2)|˜`|2 + λXu |H†u ˜`|2 + λXd |H†d ˜`|2
+ (λSu |Hu|2 + λSd |Hd|2)|SI |2 + (λCu |Hu|2 + λCd |Hd|2)|e˜|2
+mShu ˜`˜ν +mChd ˜`˜e+ h. c. . (19)
Diagonalising the neutral and charged scalar mass matrices, using the definitions of mass
eigenstates as given in eq. (18), we get the following relations:
M2ξ cos
2 φ0 +M
′
ξ
2
sin2 φ0 = µ
2
I + v
2
u
[
λIu + tan
2 β
(
λId + λ
X
d
)]
(20a)
M2ξ sin
2 φ0 +M
′
ξ
2
cos2 φ0 = µ
2
S + v
2
u
[
λSu + tan
2 βλSd
]
(20b)
(M ′ξ
2 −M2ξ ) sin 2φ0 = 2mSvu, (20c)
M2ξ+ cos
2 φ+ +M
′
ξ+
2
sin2 φ+ = µ
2
I + v
2
u
[
λIu + λ
X
u + tan
2 βλId
]
(20d)
M2ξ+ sin
2 φ+ +M
′
ξ+
2
cos2 φ+ = µ
2
C + v
2
u
[
λCu + tan
2 βλCd
]
(20e)
(M ′ξ+
2 −M2ξ+) sin 2φ+ = 2mCvu tanβ. (20f)
Where, Mξ, M
′
ξ are the physical masses of the neutral sleptons and Mξ+ and M
′
ξ+
are those
of the charges sleptons. Also, tanβ = vd/vu. Note, that due to the mixing between the
doublet and the singlets the charged and the neutral sleptons have a tree level mass splitting.
Although, the splitting cannot be hierarchical because λux and λdx both originate from the
same λ27, eq. (13), their difference being from running alone. However, the difference is
enough to ensure that the charged component decays to the neutral component before Big
Bang Nucleosynthesis, about 0.1s after the big bang [52, 53].
The quantum numbers of l˜ make it look like a conventional inert doublet [54, 55, 56]. There,
however, is a key difference. In models of inert doublets, there is a (H†HI)2(+ h. c.) term.
This term contributes with opposite signs to the masses of the CP-even and CP-odd neutral
states of the HI . This term is forbidden by the E6 symmetry at tree level. Yet, as scalar
quartic couplings even if vanishing at some scale can be generated at other scale by running,
such a term can contribute to the mass splitting, but the splitting will be loop suppressed.
Even a tiny mass splitting of the order of ∼ 100 keV is enough to satisfy direct detection
constraints [57]. We show below, that due to trilinear interactions with the scalar that gives
seesaw masses to neutrinos, there will indeed be a splitting between the CP odd and CP even
eigenstates so that the multiplet acts like a proper inert doublet.
In the limit of no splitting, the DM, true to its name, acts like sneutrino dark matter [58, 59].
The main problem in having the sneutrino as a dark matter candidate in MSSM is the bound
from direct detection [60]. However, this bound can easily be avoided if the sneutrino instead
of being the standard left-handed sneutrino of the MSSM is a gauge singlet, as a partner of a
RH neutrino, that annihilates predominantly through the Higgs [61]. That is exactly the case
for E6DM. In this scenario the RH sneutrino arises naturally as a result of the fgundamental
irrep containing both the LH and RH neutrino. As can be seen from eq. (20), a small mixing
between the left- and the right-sneutrino is possible and not a highly fine-tuned solution. A
small mixing can be easily generated by the interplay of MS , vd, Mξ and Mξ′ and does not
depend on making any one parameter too small.
We have not shown the diagonalisation of the SM part of the scalar potential as it is a
standard higgs doublet potential. It is known that when such a model is embedded in higher
symmetries, the BSM particles, the charged Higgs, the heavy Higgs and the CP-odd Higgs
can be pushed to the seesaw scale quite naturally [62, 63]. In our discussion, for brevity, we
take this approach, keeping only the 125 GeV Higgs boson at EW scales, and push the other
states to the seesaw scale, MSS .
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(1/6,1/6,± 1) (0, 4, 0), (0, 1, 19/6), (0, 1, 17/6), (0,−8, 0), (0,−5,−19/6), (0,−5,−17/6),
(0,−2,−19/3), (0,−2,−17/3)
SO(10)→ 422
(0,−1/2,±1) (0,−8, 0), (0, 4, 0), (0,−2, 3/2), (0,−2, 5/2)
SO(10)→ SU(5)
(0,−1/5,−1/30) (0, 0,−48), (0,−6,−31), (0, 0, 24), (0,−12,−14), (0, 6, 7)
62→ 325(1χ1ξ1ζ)
(1/10,−1/30,±1) (0, 20, 0), (0,−10,−91/9), (0,−10,−89/9), (0,−40, 0)
Table 3: Standard model singlets in the 351′ of E6. The singlets giving masses to the RH
neutrinos and the ones giving masses to the dark matter fermions have been underlined.
The dark heavy quarks, D,Dc, also get masses from the same vev as the doublet Higgsinos.
Then, when the Higgsino mass is pushed to the GCU scale, so are those of the heavy quarks.
This ensures that the heavy quarks are not the lightest dark sector particles, as there are
stringent bounds from direct detection and IceCube data on strongly interacting DM particles.
The limits push the mass of such particles above 1015 GeV ∼MGUT [64, 65].
In E6 unification, the neutrinos get type-I and type-II seesaw masses when one of the 351
dimensional representation, the Σ ≡ 351′, gets a vev at some high scale, MSS . This vev giving
the mass of the RH neutrino and defining the scale of seesaw. The lagrangian involving Σ, Φ
and Ψ is:
LSS ⊃m2351ΣΣ + Λ351ΦΦΣΣ + µ351ΦΦΣ + Λ′351ΦΦΣΣY351ΨΨΣ + h. c. . (21)
Σ acquire a vev, vSS in a direction that preserves the SM symmetry so that the SM singlet ν
c
gets a mass ∼ Y351vSS from the Yukawa operator. As a result, all U(1) symmetries under
which νc transforms non-trivially are broken at the scale vSS . In table 3 we write down the
charges of all the SM singlets in Σ for the symmetry breaking routes. From the charges we
can clearly see which singlet, δ, will preserve the remnant Z2 and which singlets won’t. The
singlet which gives mass to the RH neutrinos, i.e., the singlet corresponding to vSS has been
shaded in grey for all the routes. The type-II seesaw partner of δ, ∆ ≡ (1, 3, 1), gets an
induced vev, v∆, that gives a Majorana mass term to the LH neutrinos.
The 351′ has one more SM singlet that preserves the SM gauge symmetry and the remnant Z2.
This singlet, s8, also underlined in table 3, doesn’t couple to ν
c but couples to s˜4. The vev of
this singlet, v8, gives a Majorana mass to s˜4, such that the Higgsino mass matrix becomes:
M
h˜0
=
Y351′v8 y1vd y2vuy1vd 0 yxv4
y2vu yxv4 0
 (22)
If v8 is infinitesimally small we get back the previous case of Mχ ∼ 0. However, for a finite
v8, χ gets a mass ∼ Y351v8. Also, due to the Yukawa interaction, Y351′s8s˜4s˜4, a potential
annihilation channel opens up for χ. The s8 scalar has quartic couplings with hu and hd,from
the Λ(′) interactions. Hence, χ can annihilate to the SM Higgs through s8-h mixing and also
through the v8 proportional trilinear s8hh. If s8 is heavier by ∼ 15% than χ then χ annihilate
to a pair of s8 as well in the early Universe. On the other hand, when s8 is heavier than χ in
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a few orders of magnitude, then χ annihilation proceed through the dim-5, Ms8 suppressed
operator ∼ (Y351/MSS)χχhh. Note that, s8 being heavy does not imply that χ, getting its
mass from v8 is also heavy as their can be hierarchical separation between ms8 and v8 [?]
through the interactions of s8 with vevs at a high scale. For example, it can be pushed to the
seesaw scale due to the quartic coupling |s8|2|sSS |2. A comprehensive analysis for a Weakly
Interacting Massive Particle (WIMP) like singlet Majorana dark matter with Higgs portal
like coupling, assuming the thermal freeze out mechanism, can be found in [66]. We note that
if MSS is too large for χ to efficiently freeze out, then it might act as a Feebly Interacting
Massive Particle (FIMP) the viable solution will be freeze in. For example, check [67] for some
phenomenological studies of a singlet Majorana dark matter with feeble couplings to the SM.
The vev of s8 modifies the mass matrices of the sleptons as well. The additional portal
interactions, involving s8 and the dark sector scalars arise from the quartic involving the
Φ ≡ 27S and the Σ. The ΦΦΣΣ term preserves the global U(1) symmetry in the potential
and gives the same masses, proportional to v8, to both the CP-even and CP-odd components
of the neutral sleptons. This term effectively decouples the masses of the sleptons from the
SM Higgs vevs and opens up the possibility for the sleptons to be heavier. The ΦΦΣ and
the ΣΣΦΦ terms violate the global U(1) in the scalar potential just like the neutrino see-saw
term violates the U(1) of lepton number 2. The quartic then introduces a splitting between
the mass eigenstates of the CP-even and CP-odd sneutrinos just like the inert Higgs case,
ensuring suppressed couplings with the Z boson.
Before going to the running of gauge couplings in a few symmetry breaking chains of E6, we
want to mention that the singlet that gives Dirac like mass to the Higgsino doublets and
make them heavy at the GUT scale come from the fundamental of E6. The Higgs doublets of
the SM also come from the fundamental. This huge mass hierarchy in the same multiplet is
not desirable from a model building point of view. However, as can be seen from table 3, a
copy of the scalar is also present in the 351′ for all the routes. In realistic scenarios it is this
multiplet, instead of the fundamental, that should break the GUT symmetry and give masses
to the doublets at the same time. This ameliorates the problem of hierarchy of vevs in the
fundamental.
4 Symmetry breaking chains and gauge coupling unification
Having described the basic mechanism by which starting from the E6 symmetry we can get
two stable DM candidates. In this section, as proof of concept, we look at a few minimal
cases of gauge coupling unification. In various studies of gauge coupling unification in E6
various multiplets are used to break the different intermediate symmetries. These multiplets
include 27, 78, 351, 351′, 650 etc. However, we stick to a principle of minimality and use only
the fundamental 27, the adjoint 78 and for Majorana masses of the neutrinos, the 351’. We
also stick to symmetry breaking chains involving a single scale intermediate to the scales of
GCU and EWSB.
The three cases we look at are:
I E6
351′−−→
MU
422
351′−−→
MI
GSM 27−−→
MZ
GSM , (23a)
II E6
78−−→
MU
332
351′−−→
MI
GSM 27−−→
MZ
GSM , (23b)
2The global U(1) in the scalar potential, among the sleptons, is indeed just the lepton number. Note that
the sleptons are the scalar partners of the SM fermions. Hence, the vev that violates the lepton number,
violates it for both the leptons and the sleptons.
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III E6
78−−→
MU
3221
351′−−→
MI
GSM 27−−→
MZ
GSM . (23c)
The first case belongs to the SU(6) × SU(2) route of E6 breaking fig. 1. This route is
minimal in the sense that only the scalars required for giving masses to the SM fermions
are used for breaking E6 as well. The second and third scenarios, corresponding to the
SU(3)C × SU(3)L × SU(3)N and the SO(10)× U(1) routes respectively, use the adjoint to
break E6.
In table 4 we write down the values of the intermediate and E6 symmetry breaking scales
for each of the cases in consideration. We also mention the value of the unified coupling
constant at MGUT . The last column of table 4 shows the proton decay lifetime as calculated
using MGUT and gU . We find that for all of the cases the proton decay lifetime is consistent
with the exclusions from Super-Kamiokande and in a range that will be probed by the
hyper-kamiokande proton decay experiment.
Chain MI (GeV) MU (GeV) gU τP→pi+ν (Years)
E6 → 3C3L2N1N 5.7× 105 7.4× 1015 0.58 2.0× 1035
E6 → 62R → 4C2L2R 1.4× 1011 5.2× 1015 0.54 6.8× 1034
E6 → 3C2L2R1B−L 3.6× 109 6.1× 1015 0.54 1.3× 1035
Table 4: The proton decay lifetime, unification gauge coupling, intermediate scale and GUT
scale values for three different chains of E6 symmetry breaking.
We calculate the running of the gauge couplings using two-loop β coefficients, following the
method outlined in [28]. The β coefficients are given in table 5. To estimate the lifetime of the
proton to a positron and a neutral pion, we look at the dimension-6 operators that mediate
the decay [68]:
OL (ec, d) =WC ijkuciγµujecγµdk, (24a)
OR (e, dc) =WC ijkuciγµujdckγµe, (24b)
where,WC = g
2
U
2M2U
[
1 + |Vud|2
]
. (24c)
|Vud| = 0.9742 is the CKM matrix element [1].
The partial lifetime for the channel p→ pi0e+ is expressed as:
1
τp
=
mp
32pi
(
1− m
2
pi0
m2p
)2
R2L
g4U
4M4U
(1 + |Vud|2)2
(
R2SR|〈pi0|(ud)RuL|p〉|2 +R→ L
)
, (25)
where mP and mpi0 are the masses of proton and pion respectively. RL is the long-range
renormalization factor for the proton decay operator from the electroweak scale (mZ) to the
QCD scale (∼ 1 GeV), whereas RSR(L) the short-range enhancement factor arising due the
renormalization group evolution of the proton decay operator OR(L) from GCU scale (MU )
to mZ . The short-range enhancement factors depend on the breaking chains. However, we
use a conservative value, RSR = RSL = 2.4. This choice does not deviate the actual result
significantly. The form-factors as provided by the lattice QCD computation are :
〈pi0|(ud)RuL|p〉 = −0.131, 〈pi0|(ud)LuL|p〉 = 0.134 . (26)
The result of the calculation for all the three chains have been given in table 4.
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Gauge symmetry One-loop β-coefficients Two-loop β-coefficients
G3C2L1Y (SM + DM) b3C = −7, b2L = −3, b1 = 225 bij =
−26 92 111012 8 65
44
5
18
5
28
5

G3L3R3C b3L = 12 , b3R = 12 , b3C = −5 bij =
253 220 12220 253 12
12 12 12

G3C3L2R1R b3C = −5, b3L = −43 , b2R = 196 , bR = 656 bij =

12 12 92
3
2
12 5183
135
2
151
6
12 180 4403 18
12 6043 54
166
3

G2L2R4CD b2L = 133 , b2R = 133 , b4C = −4 bij =
6103 3 79523 6103 7952
159
2
159
2
627
2

G2L2R4C /D b2L = −73 , b2R = 133 , b4C = −7 bij =
503 3 7523 6103 7952
15
2
159
2
255
2

G2L2R3C1B−L /D b2L = −176 , b2R = −136 , b3C = −7, b1 = 6 bij =

61
6 3 12
9
4
3 1736 12
57
4
9
2
9
2 −26 12
27
4
171
4 4
131
4

Table 5: β-coefficients for the RGE of the gauge couplings.
5 Summary
We show a generic mechanism where multicomponent dark matter can be obtained at the EW
scale in E6 unification. We do not need to include arbitrarily large representations of E6 to
play the role of dark matter as the fundamental itself, containing the SM fermions and scalars,
accommodates the DM particles. The stability of the individual DM components is not based
on unnatural fine-tunings of the parameters, instead, it is ensured by the E6 symmetry and
hierarchy of vevs that is in accord with the spontaneous breaking of E6 down to the SM. The
multicomponent setup is not partial to any specific symmetry breaking route of E6, and can
be accommodated in some version of all the different routes.
We establish connections between the nature of our dark matter candidates with existing
DM models. The fermionic dark matter candidate interacts with the SM through a portal
interaction mediated by a BSM scalar originating from the E6 multiplet responsible for
neutrino seesaw. The vev of this scalar gives Majorana mass to the singlet DM candidate.
Depending on the mass of the scalar mediator, the fermion singlet acts as a FIMP or a WIMP.
Alternatively, if the scalar does not get a non-zero vev, the fermion DM mass is almost zero
and it can potentially act as a Thomas-Fermi dark matter particle. The nature of coupling
to this scalar also controls the nature of the scalar DM candidate. In the limit that this
interaction is zero, the scalar DM acts as a sneutrino like DM candidate, while turning on the
interaction with the scalar causes mass splitting between the real and imaginary parts of the
neutral scalar and it acts like an inert doublet DM. The hierarchy of masses will determine if
it is a standard inert scenario or more like the singlet-doublet scalar DM [69].
Our interest was in the qualitative features of this two-component DM sector and hence we
just draw parallels to existing models of dark matter, discussing the different limits in which
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one or the other is obtained in our formalism. We note that this general formalism can be used
to build different models of low-energy phenomenology. A concrete model not only depends
on the underlying symmetry and particle content but also on specific values of the couplings.
The values of the couplings decide interaction strengths and also the spectrum of the particles.
Different spectra with a difference ∼ 100 GeV are basically the same as compared to the scale
of gauge coupling unification and the neutrino seesaw scale. However, such a difference results
in vastly different phenomenology and detection prospects. As a final comment, note, we can
make such qualitative arguments as our results do not depend on any particular fine-tuning of
parameters but on ratio of hierarchical vevs and masses that are generically present in models
of unification.
We mostly look at the two stable DM candidates individually, but the proper study of the
cosmological evolution including the interplay of the two different DM candidates is an
interesting prospect. However, we stress, that any proper phenomenological study based on a
Unified framework must include a multi-parameter fit involving observed values of the fermion
masses, low energy observables and running of the scalar and Yukawa couplings leading to
unification. We leave this exercise for future endeavours. Here, as proof of principle, we study
the unification of gauge couplings for the three major routes of E6 unification to check that
the arguments based on hierarchy of scales can be achieved in a minimal setup.
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